Introduction
Formulation of automotive lubricating oil is a complicated process. The modern engine lubricant is a carefully designed blend of base oils and performance enhancing additives, such as pour point depressants, antioxidants, dispersants and detergents [1, 2] .
Regardless of the complexity, the lubricating oil formulator must assess the performance of the base oil and the additives, and finally balance the performance and the cost, prior to the full-scale engine testing of the oil. Because engine testing is an expensive process, a number of bench tests have been developed to screen out the lubricating oil throughout the formulation process [3] . Many of these bench tests are time consuming, man-power intensive, empirical, show poor reproducibility and require a large investment in specialized equipment and skilled operators, and may be advantageously replaced by conventional thermal analysis techniques [4, 5] .
In this work, thermal, spectroscopic and rheologic properties were determined after the thermal degradation of mineral base lubricating oils at different temperatures and for different degradation times.
Experimental

Oil samples
Mineral base lubricating oils produced by Brazilian petroleum industries were used in this study. According to the manufacturer specifications, this mineral base lubricant is 100% paraffinic, being used in the formulation of the lubricants for automotive engines, working with gasoline, ethyl alcohol and natural gas. Their API classification is SJ group, with a typical analysis from the manufacturer of 0.87 g mL -1 density and 30W SAE viscosity.
The thermal degradation of the mineral base lubricating oils were assessed by means of heat treatments at 150, 170, 190 and 210°C, using an apparatus similar to the ones used for distillation, with the oil samples being submitted to an air flow [6] . An initial lubricant volume of 300 mL was used. The samples were withdrawn after degradation times that varied from 1 to 48 h (Fig. 1) . Thermal, spectroscopic and rheological properties were evaluated for the degraded and non degraded base lubricants.
The thermal degradation process of mineral base lubricating oils was studied in this work by means of thermal, spectroscopic and rheologic analysis. The lubricating oils were degraded at temperatures varying from 150 to 210°C, and for degradation times from 1 to 48 h. After the degradation, the lubricating oils were characterized by X-ray fluorescence, IR and NMR spectroscopies, rheological properties and thermal analyses (TG/DSC). The spectroscopic analyses determined the oxidation reaction products. TG curves indicate that the thermal stability of lubricating oils is below 161°C. TG curves in air present three mass loss stages, whereas in nitrogen there are only two mass loss steps. DSC analyses in air indicate two highly exothermic peaks related to hydrocarbon oxidation and combustion processes, while in nitrogen only two endothermic peaks were observed. The decrease in the degradation temperature led to a decrease of the lubricant viscosity. 
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Methods
Spectroscopic measurements
Sulfur analyses were performed in an X-Ray fluorescence spectrometer by energy dispersive accessory (Shimadzu, EDX -800). Infrared spectroscopic measurements (Bomem MB Series) were carried out using KBr pellets in the 400-4000 cm -1 region. Proton nuclear magnetic resonance ( 1 H NMR -300 MHz, Gemini) was used in the lubricating oil characterizations at room temperature using relaxation delay of 0.20 s, pulse of 5.0°, acquisition time of 2.667 s, width of 6000.0 Hz and 16 repetitions.
Rheological measurements
Rheological measurements (Brookfield LV-DVII) were conducted at 25°C, at different shear rates using a small sample adapter. The reproducibility of all the experiments is three tests.
Thermal analysis
Thermogravimetry (TG/DTG) and differential scanning calorimetry (DSC) analyses were performed in a simultaneous thermobalance (SDT-2960, TA Instruments) in air and nitrogen with a flow of 110 mL min -1 , using alumina crucibles, at heating rates of 5, 10, 15 and 20°C min -1 , sample mass of 10.0±0.5 mg in the 25-620°C temperature range.
Specific heat capacity measurements
The specific heat capacities of the mineral base lubricating oils were determined from the data obtained by DSC. The calculations were based on implementation of the temperature program. The oil samples were heated from room temperature at heating rate of 5°C min -1 up to 30°C. The samples were kept at such temperature for five minutes. Then, they were heated at heating rate of 10°C min -1 up to 190°C and then kept at the end temperature for 5 min.
The following equation was used to calculate the heat capacities: 
where c 0 and c are the specific heats of the reference material and of the base oil, respectively; m 0 and m refer to the masses of the reference material and the sample, respectively, and S 1 , S 2 and S 3 are the thermal displacements of the DSC in relation to the blank, reference and sample, respectively [7] .
Results and discussion
Spectroscopic analyses
According to X-ray fluorescence spectroscopy (XRF) data, non-degraded samples present 0.350 mass% of sulfur. After degradation at 210°C for 24 h a decrease to 0.29% was observed, probably due to SO 2 formation. The samples degraded at 210°C for 36 h were polymerized.
On the other hand, infrared spectra presented a small difference, before and after the thermal treatment, indicating the occurrence of oxidation reactions (Fig. 2) .
Thus, IR results indicate that lubricant degradation occurs by oxidation reactions, in agreement with the literature [8] , probably leading to the formation of carboxylic acids and ketones. It is noticed that these spectra indicate that the analyzed oils presented meaningful changes in the spectral regions of the O-H, C=O and C-O groups. This can be attributed to the stronger action of oxygen during the heating period for the degraded samples. The bands observed at 3415 and 1714 cm -1 suggest the presence of O-H alcohol and C=O carbonyl groups, respectively, for all the degraded samples. As for the bands found in all the samples at 1157 and 3600 cm -1 , they refer to the OH groups, originated from hydrogen bonds and free hydroxyl groups in monomers, respectively. Ketones, aldehydes, carboxylic acids and esters display a band at 1898 cm -1 , which originates from the axial deformation of the C=O bond, which is shown to be less intense in the non-degraded sample. As for the C-H bands, no meaningful changes were observed between the degraded and non-degraded samples. The C-H deformation is characterized by the presence of bands at 1463 and 1377 cm -1 , which are representative to this group. The C-H asymmetric deformation bands for -CH 2 -and -CH 3 are noticed at 723 and 1377 cm -1 , respectively. The band at 1604 cm -1 probably indicates the aromatic C-C bond. The presence of a band at 2670 cm -1 in all the samples with the exception of the sample submitted to the highest degradation, 210°C for 24 h, refers to some sulfur compounds. The bands at-
